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ABSTRACT

Tin oxide thin films were deposited by reactive radio frequency magnetron sputtering
onto InO,:Sn coated and bare glass substrates. Optical constants in the 300-2500 nm
wavelength range were determined by a combination of variable angle spectroscopic
ellipsometry and spectrophotometric transmittance measurements. Surface roughness
was modeled from optical measurements and compared with atomic force
microscopy. The two techniques gave consistent results. The fit between experimental
optical data and model results could be significantly improved by assuming that the
refractive index of the Sn oxide varied across the film thickness. By varying the

oxygen partial pressure during deposition, it was possible to obtain films whose



complex refractive index changed at the transition from SnO tq. 2wCaddition of
hydrogen gas during sputtering led to lower optical constants in the full spectral range
in connection with a blue shift of the band gap. Electrochemical intercalation of
lithium ions into the Sn oxide films raised their refractive index and enhanced their

refractive index gradient.

Keywords: Tin oxide, thin films, sputtering, optical constants, refractive index,

ellipsometry, atomic force microscopy.



[. INTRODUCTION

This paper regards the optical properties of Sn-oxide-based films prepared so that
their contents of oxygen, hydrogen, and lithium lie within wide ranges. The optical
properties are studied by ellipsometry. Sn-oxide-based films have diverse applications
in optical technology. The most commonly used films are well-crystallized, SnO
layers doped with Sb, F, or oxygen vacancies; they can serve as transparent electrical
conductors [1], low-emittance coatings [1], and frost-preventing surfaces [2]. These
applications rely on free electrons originating from the ionization of dopants. Our
present work concerns Sn-based materials mainly for use in solid state opto-ionics,
such as in non-coloring counter electrodes for electrochromic smart windows [3].
These applications hinge on the ability of the considered material to sustain mixed
conduction of ions and electrons [3]. We also note that Sn oxide is of interest for gas
sensors [4,5], and that it has recently been suggested as a novel material for innovative

battery technology [6,7,8].

Electrochromic Sn oxide films have been prepared by dip coating [9,10,11]
and magnetron sputtering [12], and a change in the valence state of the tin atoms due
to electrochemical Liion intercalation has been reported [13]. Sn oxide has the
interesting property of being able to serve both as transparent conductor and non-
coloring Li" ion conducting electrode, thereby giving the possibility to simplify the

production of electrochromic devices.

For a deeper understanding of electrochromic Sn oxide it is necessary to
examine its optical properties in detail. The optical indices of Sn oxide thin films for

transparent electrical conductors and low-emittance coatings have been investigated in



the past [14-20]; usually a crystalline structure is desirable for these applications.
Disordered Sn oxide is able to achieve a largériiritercalation than crystalline Sn
oxide and is therefore more suitable for applications in solid state ionics [12]. The
present investigation considers the optical constants of “amorphous” Sn oxide,
especially the roles of varying stoichiometry, hydrogen incorporation, and

electrochemically introduced lithium ions.

In section Il we describe the sputtering process and report experimental data
from resistivity measurements, Rutherford backscattering spectrometry (RBS), and
atomic force microscopy (AFM). Electrochemical intercalation of lithium into the Sn
oxide lattice is discussed, and nuclear reaction analysis (NRA) data on the lithium
distribution in the films are presented. Section Il presents ellipsometric and
spectrophotometric results and describes the optical models used in our calculations.
Effects on the optical data of varying oxygen content during the deposition process, of
addition of hydrogen in the sputter gas, and of electrochemical intercalation of lithium
into the Sn oxide film are reported in detail. The optical modeling employs a two-film

configuration comprising a transparent and electrically conducting base layer of

In,O,:Sn (i.e., ITO) and a Sn oxide top layer. Section IV then discusses the results and

elaborates on the effect of the sputter gas composition on the optical constants. We
also investigate the influence of'lintercalation on the optical constants and present
evidence for an increasing gradient of the optical constants over the film cross-section

after lithiation. A brief discussion and concluding remarks are given in Sec. V.



II. FILM PREPARATION AND CHARACTERIZATION

The films were deposited by reactive rf magnetron sputtering in a Balzers UTT 400
turbo molecular pumped vacuum deposition unit equipped with several US gun
magnetron cathodes. A base pressure 6fTbdr was assured by regular baking of the
vacuum unit during 10 h periods. A 5-cm-diameter tin target of 99.999% purity was
used together with sputter gases of 99.998% purity. Tin oxide films were deposited at
a pressure of 30 mTorr with a rf power of 200 W in an Ag@s mixture ranging

from 59/1 to 51/9 as well as in an At/B, mixture ranging from 51/9/2 to 51/9/10.
Pertinent partial pressures for oxygen and hydrogen are dep(@gdand p(H,),
respectively. The distance between target and substrate was about 13 cm. Films for
optical and electrochemical investigation where grown on unheated 1 mm thick glass
slides with and without transparent and conducting ITO layers having a resistance of

15Q/square.

Film thicknessd, measured by surface profilometry employing a Tencor Alpha
Step instrument, lay between 144 and 478 nm. These values were subsequently
refined by ellipsometry. The growth ratevas between 11 and 23 nm/min. Figure la

showsr as a function op(O,). The highest growth rate occurs fi§©,) ~ 1 mTorr.

The mass density of the Sn oxide films was determined by RBS using 1.95
MeV alpha particles in back scattering geometry. Figure 1b illusbragasusp(O,).
The lowest density coincides with the highest deposition rate. Figure 1c combines the
previous results to show the mass deposition rate. It is interesting to note that there is
little variation of the mass deposition rate at low oxygen partial pressures, while the

film growth rate in Fig. 1a varies considerably.
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Figure 1. Growth rate (part a), mass density (part b), and product of these two entities
(part c) vs. oxygen partial pressure for sputter deposited Sn oxide films. Symbols
denote experimental data and curves were drawn for convenience.
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Figure 2. Sheet resistance vs. oxygen partial pressure for sputter deposited Sn oxide
films. Symbols denote experimental data and and curves were drawn for convenience.



Electrical properties contain important information on the structure and
stoichiometry of Sn oxide films [1,12]. We measured the sheet resisRinty
pressing a probe with two rows of spring-loaded pin contacts against the film surface.
From Fig. 2 it is evident tha&R  has a pronounced minimum at a specific oxygen
partial pressure. Fgi(O,) < 2 mTorr, the specimen is SnO-rich and has a brownish
appearance. Ap(O,) ~ 2 mTorr, the structure is Spike and has oxygen vacancies
serving asn-type donors; these films are transparent. At higher oxygen partial
pressures, finally, the stoichiometry approaches,Shia results in Fig. 2 are in good

agreement with earlier ones [12].

Surface reliefs of as-deposited Sn oxide films were obtained by AFM using a
NanoScope Il instrument with an etched silicon cantilever having a tip radius of 10
nm and 35 apex angle. Data were taken in ambient air with a contact force of about
10" N. Scans were made over areas from 50 x 50 um to 1 x 1 um with a resolution of
256 x 256 pixels. Figure 3 illustrates a typical AFM image. Rounded protrusions with
a lateral extent of 20 to 100 nm are apparent. Values of RMS and peak-to-peak
roughness are presented in Fig. 4 as obtained from analyses of several difrefient 1
UM images of each sample. Both roughness measures increase linearly with increasing
magnitude ofp(O,). The peak-to-peak value is larger than the RMS quantity by
roughly an order of magnitude. Figure 4 also shows the "optical roughness” as
modeled from ellipsometry data to be discussed below. Its variation as a function of
p(O,) agrees well with the peak-to-peak value from AFM, but the numerical values are

offset. A more detailed discussion will follow in Sec. Il A.
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Figure 3. Atomic force micrograph of the surface of a Sn oxide film sputter deposited
at an oxygen partial pressure of 4.5 mTorr.
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Figure 4 Root-mean-square (RMS) roughness, peak-to-peak roughness, and “optical
roughness” vs. oxygen partial pressure for sputter deposited Sn oxide films. The
former two sets of data were recorded by atomic force microscopy (AFM). Symbols
denote experimental data and lines were drawn for convenience.



Electrochemical Liion intercalation was performed in a glove box with a
helium atmosphere containing less than 1 pp@,ising an Arbin potentiostat. The
electrolyte was 1M LiCIQin propylene carbonate. Lithiation was accomplished by
applying a constant current of 10 pA to an electrode with an area of abotit Them
potential was varied from the open circuit value to a predetermined potential being
2.0, 1.7, or 1.5V vs. Li/Li When this latter potential was reached, conditions were
kept constant overnight. The samples were subsequently cleaned with tetrahydrofuran
and were allowed to dry in the glove box atmosphere for 30 minutes. Ellipsometric
data and spectrophotometric transmission spectra were recorded immediately after the

sample was taken out of the He atmosphere.

The lithium distribution in the Sn oxide film was investigated by NRA via the
reaction 1.5 MeVLi(p, a)'He. Figure 5 shows the intensity of the lithium signal in
counts as a function of channel number. High channel numbers pertain to the surface
region of the Sn-oxide-based film and low channel numbers to the inner interface
towards the ITO base layer. It is clear that the concentration of lithium is highest at
the surface and decreases almost linearly with distance from the surface in the sample
intercalated to 1.7 V vs. Li/LiWhen intercalation was performed to 1.5 V vs. Li/Li
the Li concentration appears to have reached a state of saturation in the outer half of
the film, while the concentration then decreases rather linearly and reaches zero at the

ITO base.
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Figure 5. Lithium content vs. atomic depth from the surface for electrochemically
lithiated Sn oxide films. The data was obtained from nuclear reaction analysis. Open
symbols denote Sndithiated to 1.7V vs. Li and solid symbols to 1.5V vs. Li. Curves
were drawn for convenience.

[ll. OPTICAL PROPERTIES: MEASUREMENTS AND EVALUATIONS

A. General

Optical measurements were made in the wavelength interval 280 X700 nm with

a J.A. Woollam Co. variable-angle spectroscopic ellipsometer using a rotating
analyzer. The instrument records the ratio of the complex Fresnel reflection
coefficientsl” for s andp polarization in terms of the ellipsometric parametgrand

A according to

o IU“I

=tan() [éxp(A) . (1)

Ellipsometric measurements were taken at 3 to 5 specific angles in the rang® 56
< 75 to obtain adequate sensitivity over the full spectral interval. Standard deviations

of ellipsometric measurements could be determined experimentally by recording each
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data point as the average of 30 revolutions of the analyzer. Spectrophotometric
transmittancd measurements in the range 250 < 2500 nm were routinely added.
These latter data were taken at normal incidence using a Perkin-Elmer Lambda 19
spectrophotometer. The standard deviation of the transmittance measurements was
assessed by comparing multiple measurements; it was estimated to be 0.1% for 250 <
A < 860 nm and 0.2% for 860 X < 2500 nm. Optical measurements were made
separately on the ITO coated substrate. No optical anisotropy was anticipated or
modeled because Sn oxide films sputtered at 30 mTorr are amorphous as judged by X-

ray diffraction [12].

A parametric semiconductor model [21,22] was used to represent the
dispersion in the optical properties for the Sn oxide films. This model corresponds to
the superposition of many Lorentzian oscillators of slightly different energies.
Employing this model, we obtained a very good fit to experimental data also in the
case of the model parameters being reduced to give a simpler Gaussian form
representing strongly inhomogeneous broadening. Even a single Lorentz oscillator
model was capable of giving a good fit over most of the spectrum. The main
improvement using the Gaussian model rather than the single Lorentz oscillator was
found in the region just above the band gap for Sn oxide, where a Gaussian
broadening of the oscillator describes the relatively abrupt absorption edge better than

the homogeneous Lorentzian broadening [23].

Ellipsometric and spectrophotometric data were fitted together by weighting
both types of data according to their standard deviations. The numerical iteration was
performed utilizing a Levenberg-Marquardt algorithm until a global minimum was

reached for the biased mean square error (MSE), defined by [24],
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HereN is the total number of experimental observatidviss the number of fitting
parametersg is the standard deviation, and the indideand © denote data points

taken at different wavelengths and angles. The subscripts “cal” and “exp” refer to
calculated and experimental values, respectively. It is necessary to include backside
reflection into the model for a semitransparent film if the glass substrate is not
roughened or reflections from the backside are avoided by some other method. We
roughened the back surface of the samples by means of sandblasting, except for those
samples intended for electrochemical treatment for which transmittance measurements

were recorded both before and after the electrochemical lithiation.
B. Structural models for the samples

The analysis of optical data requires a structural model of the sample. In the simplest
case, this consists of a single homogeneous layer for both substrate and thin film.
However, in our case the Sn oxide films were deposited onto ITO coated glass so that
at least one additional layer is necessary. The ITO, which in itself is a very demanding
material to properly measure and analyze [25], had to be taken to exhibit an index
gradient between the portion close to the substrate and that close to the surface

[26,27].

Interface and surface roughness influence the optical properties of a sample
and can be optically represented, at least to a first approximation, by an effective
medium [28,29,30]. At an interface one would choose a layer of an effective medium

constructed from the dielectric properties of the two materials at either side of the
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boundary. The thickness of the effective medium layer then corresponds to the extent
of the interface transition region. A mixture of a solid material with voids can
sometimes represent surface roughness [31]. Lacking detailed microstructural
information, we used the Bruggeman effective medium theory [32]. Any theory of this
kind requires that the material be adequately describable by an effective dielectric

constant over a region much smaller than the wavelength of the incident light.

The optically determined thickness of the roughness layer was compared with
AFM data. Figure 4 depicted the thickness of the roughness layer, as evaluated from
AFM using two technigues, to those extracted from the optical measurements. The
AFM thickness that is in best accordance with the one determined optically
corresponds to the difference between the highest and the lowest point on the image.
The resolution of the AFM allows us to measure features smaller than the wavelength
of the light used in the optical investigation, and thus AFM may be expected to yield a

thicker roughness layer.

Both AFM and ellipsometry show that the samples deposited at low oxygen
partial pressure are smoother than those deposited at high oxygen partial pressure, and
that there is a linear relationship between roughnesp(&y In the specific case, the

AFM roughness appears to be offset by about 20 nm from results of the optical model.

For Sn oxide films deposited ptO,) > 1.5, the surface roughness model did
not result in satisfying fits to experimental data, and it was necessary to include a void
grading in the Sn oxide layer itself thereby simulating a less dense surface region. Fits
to a graded 5-layer model for Sn oxide films sputter deposite@Ogt = 4.5 mTorr
onto ITO vyielded typically MSE = 19, whereas MSE = 33 was found for the model

with a homogenous layer plus surface roughness. Figure 6 shows the excellent
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agreement between experimental and calculated dat®,fdx and T that can be
accomplished in the case of a graded layer model. In order to eliminate spurious
combinations of fitting parameters for such a complicated model, Sn oxide films were
also deposited onto glass substrates without the ITO layer. Optical measurements on

those films showed the same index gradient as the films on ITO-coated glass, which

lends credence to our analysis.
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Figure 6. Experimental and calculated data on ellipsométfjgart a) and\ (part b),

as well as spectrophotometric transmittance (part c), for Sn oxide film sputter
deposited at an oxygen partial pressure of 4.5 mTorr. Different symbols and curves
refer to data for the three indicated angles (in degrees).

IV. OPTICAL PROPERTIES: DATA AS A FUNCTION OF DEPOSITION

PARAMETERS AND POSTTREATMENT
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The optical properties, specifically the complex refractive index n + ik, depend
on the deposition parameters. The optical constantand k, are referred to as
refractive index and extinction coefficient, respectively. Figure 7 shoats\ = 550
nm as a function gb(O,) for Sn oxide films. It appears thathas a minimum close to
the flow ratio where the transition to a conductive Sl material takes place (cf.

Fig. 2).
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Figure 7. Refractive index vs. oxygen partial pressure for sputter deposited Sn oxide
thin films. Data were taken at the shown wavelengtBymbols denote experimental
data and and curves were drawn for convenience.

Figure 8a and b show the optical constants at low oxygen flow rates in the
energy range 4.15 to 0.5 eV, corresponding to 308 < 2500 nm. The peak
associated with the maximummundergoes a red shift and broadens with decreasing
oxygen flow rate. The effect on the transmittance can be seen in Fig. 8c. Decreasing
p(O,) from 2 to 0.5 mTorr causes the transition from transparent 8nGrownish
SnO [13]. Abovep(O,) = 2 mTorr, the transmittance remains essentially independent

of oxygen content in the full spectral range.
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Figure 8. Spectral refractive index (part a), extinction coefficient (part b), and
transmittance (part c) of Sn oxide films sputter deposited at four magnitudes of the
oxygen partial pressurp(O,).

Sn-oxide-based films were also deposited with hydrogen gas flowing during
the sputtering process. The motivations for such films are twofold: First, it is a way to
introduce protons into the lattice already during the film-making process, which is of
interest for solid state ionic devices operating with protonic conduction [33]. Second,
the introduction of hydrogen into the Sn oxide lattice may change the structure and
electronic properties in ways similar to those caused by the addition of dopants such

as fluorine or antimony.

Figure 9a shows that the refractive index decreases monotonically with the

addition of hydrogen gas to a sputter atmosphere p{t))=4.5 mTorr. Changes in
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the extinction coefficient (Fig. 9 b) and transmittance (Fig. 9 c) are less significant.
RBS showed that the densities of films deposited at different hydrogen flow rates
were comparable, and hence the addition of hydrogen does not seem to lead to a more

open film structure, a fact that would otherwise explain the lowering of the refractive

index.
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Figure 9. Spectral refractive index (part a), extinction coefficient (part b), and
transmittance (part c) of sputtered deposited Sn-oxide-based films at four magnitudes
of the hydrogen partial pressupgt,).

We evaluated the optical band gap enefgwand showed that this parameter
increased significantly in films produced in the presence of hydrogen. The evaluation

was made by fitting the absorption coefficientefined by

_2mk
i3

to the relation [34]

®3)

a
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E-E,)0EMm, (4)

whereE is the energy. Relation (4) presumes indirect optical transitions across the
band gap. Figure 10 shows quantitative values of the band gap widening, which is as
large as 0.13 eV fqu(H,) = 2 mTorr. The co-variation of refraction index and optical

band gap is a manifestation of the well-known “Moss rule” [35] stating that

n‘E, = constant. (5)

In the present case, the constant was 37

3.36
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Figure 10. Optical band gap vs. hydrogen partial pressure for sputtered deposited Sn-
oxide-based films. Symbols denote experimental data and the curve was drawn for
convenience.

Electrochemical charge insertion/extraction showed that Sn oxide is an
electrochromic material. Specifically, it is slightly cathodically coloring in the visible
upon lithium insertion, as seen from Fig. 11c. The level of insertedharge is
indicated as the electrochemical potential versus lithium, as discussed in Sec. Il. The
refractive index is reported in Fig. 11a; it increases in the visible and near infrared as a

function of the amount of charge insertion, and it decreases in the blue and ultraviolet

18



parts of the spectrum when the potentials are 2.0 and 1.7 V. This peculiar shift is seen

in the extinction coefficient as well (Fig. 11b).
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Figure 11. Spectral refractive index (part a), extinction coefficient (part b), and
transmittance (part c) of a Sn-oxide-based film sputter deposited at an oxygen partial
pressure of 4.5 mTorr. Data pertain to the as-deposited state and after electrochemical
intercalation with lithium at three different voltages vs. Li/Li

The ellipsometric analysis of the lithiated films showed that the thickness
gradient ofn was enhanced by the insertion of iini the Sn oxide, thereby indicating a
non-homogenous distribution of lithium in the layer. Evidence for such a distribution
was also found by NRA, as reported in Fig. 5 above. Figure 12 shows the refractive

index at a wavelength of 550 nm as a function of the distance from the film surface.
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Figure 12. Refractive index vs. distance from the surface of a Sn-oxide-based film
sputter deposited at an oxygen partial pressure of 4.5 mTorr. Data were taken at the
shownA. They pertain to the as-deposited state and after electrochemical intercalation
with lithium at tree different voltages vs. Li/LiThe actual data correspond to
“ladders” with five steps; smooth curves were drawn without loss of essential
information in order to clearly display the refractive index profiles.

Whereas th@ remains almost constant close to the surface, it rises significantly at the
approach of the ITO layer. One may be tempted to assume an accumulation of lithium
ions near to the ITO interface. However, the investigation by nuclear reaction analysis
did not confirm this assumption, but instead showed slightly lower lithium content
close to the ITO (cf. Fig 5). Obviously the refractive index gradient, as extracted from
the model calculation, does not reflect the lithium distribution inside the film. It may
be possible that the stress exerted on the Sn oxide film upon lithium insertion is larger
close to where the film adheres to the substrate, thus there inducing a more significant
change in the refractive index than near to the film surface, but nothing can be stated

with certainty.

V. DISCUSSION AND CONCLUDING REMARKS
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Optical constants of sputter deposited Sn oxide films were extracted from
measurements on a structure that includes an ITO conductor by combining
spectroscopic variable-angle ellipsometry with spectrophotometric measurements.
The thickness of a surface roughness layer was obtained from optical data assuming a
homogenous Sn oxide film with roughness. These data were compared with AFM
measurements. These two methods gave consistent, though not quantitatively
identical, results. By invoking a refractive index gradient across the Sn oxide film, the
fit between theory and experiment was significantly improved thus indicating a less
compact structure at the film surface. The addition of hydrogen gas during the
sputtering process lowered the refractive index of the films; this effect is associated
with a blue shift of the optical band gap. Our sample configuration allowed the Sn
oxide films to be electrochemically reduced with lithium, so that a full set of
properties could be determined for several charge states. Upon lithium insertion, the
Sn-oxide-based films showed a weak cathodic electrochromism. Intercalation of
charge raised the refractive index of the film and appeared to enhance the refractive

index gradient across the film thickness.
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